Single-stranded DNA is generated from RNA targets using RT-PCR with unequal concentrations of gene-specific primers and is hybridized to two mismatch-tolerant probes. The fluorescence signal ratios of the two probes are able to distinguish extensive sequence variation.
Detection and identification of highly variable viral sequences is important for tracking infectious outbreaks and determining treatment regimens using targeted drug therapy. This report describes a single tube assay that is able to distinguish extensive sequence variation in hepatitis C virus (HCV) by using mismatch tolerant probes to analyze single-stranded amplicons generated with reverse transcription linear-after-the-exponential PCR (RT-LATE-PCR). Detection and identification of sequences from the 5´ non-coding region (NCR) of 31 different HCV strains was first evaluated via hybridization of two fluorescently labeled, mismatch-tolerant probes to synthetic DNA strands. The resulting data were used to calculate the ratio of fluorescent signals for the two probes over a wide temperature range as well as the melting temperature (T m ) of each probe with the targets. Although the T m measurements alone distinguished only 5 sequences from the others, fluorescent signal ratio analysis provided a unique set of values for 27 of the 31 strains. RT-LATE-PCR was then used to amplify Armored RNA (AR) containing the 5´ NCR of five different strains of HCV. Melting analysis of the resulting single-stranded DNA with the two probes distinguished all five AR sequences. This assay can be expanded to include additional gene segments, and it points the way to construction of highly informative single-tube assays for HCV and other RNA viruses.
Diagnostic assays based on the identification of nucleic acids are now recognized as a more accurate and sensitive means of identifying viral infections, as compared with the previous gold standard assays based on cell culture or antibodies (1) . In the case of HCV, viral RNA in blood is the first reliable marker for acute infection, making it useful for monitoring responses to therapy and identif ying chronic infections (2) . Sensitive, quantitative commercial assays for HCV based on real-time RT-PCR have been described (3, 4) . The increased automation of these assays decreases the chances for operator error and laboratory contamination, since sample handling following amplification is avoided.
But HCV, like many other R NA viruses, has a high degree of genetic variability as a consequence of an error-prone R NA polymerase. Strains of HCV are classified into 11 genotypes and 70 subtypes (3). Genotype must be determined before therapy is initiated, because that information determines the dose and duration of treatment, as well as the probability of a favorable outcome (2) . Since the FDA-approved detection assays do not identify genotype or subtype, a second assay must be done. Current commercially available tests include the TRUGENE HCV Genotyping Assay (Siemens Healthcare, Erlangen, Germany), which requires sequencing of an amplified region from the 5´ noncoding region (NCR) of the viral genome, and Line probe assays (INNOLiPA, Innogenetics, Ghent, Belgium), which hybridize short PCR fragments
to a series of short immobilized oligonucleotide probes under stringent conditions. Unlike the detection assays, these analytic tests require handling of PCR products and take much longer to complete. The Abbott RealTime HCV Genotype II assay (Abbott Molecular, Abbott Park, Il) includes primers and probes for both the 5´ NCR and the more variable nonstructural 5b (NS5b) region for improved subtype identification. The shorter assay time, reduced handling, and subtyping capability are improvements compared with those earlier methods (5), but the 91% subtyping accuracy for genotype 1 falls short of the 99% accuracy achieved by a second generation Line probe assay (6) . The requirement of three reaction tubes per sample in the Abbott assay underscores the inability of a TaqMan probe to identify multiple sequence variations.
LATE-PCR is an advanced form of non-symmetric PCR with expanded detection capability that offers the potentia l for rapid diagnosis and genotyping. LATE-PCR generates an abundance of single-stranded DNA that can be detected over a broad range of temperatures with mismatchtolerant probes (7, 8, 9, 10) . Here we report the design and initial testing of an RT-LATE-PCR assay for HCV. The capacity of the post-PCR closedtube analysis to distinguish sequence variations was initially evaluated using synthetic DNA oligonucleotides representing 31 different HCV strains. The full RT-LATE-PCR protocol was then tested using Armored R NA (A R) (Asuragen, Austin, T X)containing the 5´ noncoding region (NCR) of five different strains of HCV. A new analytical method that uses ratios of the signals from the different f luorophores of two probes hybridizing to the singlestranded product improves the ability to distinguish variants. Future expansion of this technique to additional targets within HCV R NA, as well as other RNA viruses, is discussed.
Materials and methods
Synthetic DNA targets with HCV sequences Thirty-one HCV strains with sequence variations in the 5´ NCR segment were identified using BLAST (http://blast. ncbi.nlm.nih.gov). GenBank accession numbers for those strains are listed in Supplementary Table S1 . DNA targets 60 nucleotides in length were custom synthesized for each listed sequence by Eurofins MWG Operon (Huntsville, AL, USA). A mixture of DNA target, 400 nM of each probe, 1× Tfi Reaction Buffer, and 3 mM MgCl 2 was tested using the melt portion of the protocol described below.
Synthetic HCV R NA AR containing the 410 nucleotide 5´ NCR for each of 5 HCV genotypes was purchased from Asuragen (Austin, TX, USA). The stock solutions were diluted with 1 mM MgCl 2 , 10 mM TRIS, pH 8.3, based on estimates of particle concentrations obtained from the manufacturer. The diluted solutions were mixed with primers and heated to denature the capsid proteins, as described below.
LATE-PCR primers
Primers were designed using LATE-PCR criteria for efficient production of singlestranded DNA (8) . Visual OMP (DNA Software, Ann Arbor, MI, USA) was used to design primers with the desired T m and avoid extendible self-dimers and heterodimers. The limiting primer, 5´-A AGCACCCTATCAG GCAG -TACCACA-3´, is an antisense sequence fully complementary to each of the 5 RNA targets and has a predicted T m of 69.5°C with the corresponding DNA sequence. The excess primer sequence was 5´-TGACTGGGTCCTTTCTTGGA-3´ and has predicted T m values of 63.0°C, 65.6°C, and 62.0°C with cDNA from genotypes 1, 2 , and 3, respectively, and a predicted T m of 67.1°C with the amplification product (i.e., the fully complementary sequence). Those T m differences are due to mismatches at or near the 5´ end of the primer with the cDNAs. The predicted T m values are based on the PCR buffers described below and take into account the contribution from 3 mM magnesium. Custom primers were purchased from Biosearch Technologies (Novato, CA, USA).
LATE-PCR mismatch-tolerant probes
LATE-PCR probes were designed to have a T m with any known target at least 10°C below the T m of the limiting primer. This ensures high amplification efficiency during the exponential phase of amplification (double-strand DNA production) and the absence of probe hydrolysis during extension of the limiting primer. The probes have antisense sequences so that they will hybridize with the single-stranded product generated by the extension of the excess primer. Probe sequences and modifications were 5´-Cal Red 610-TC G G C TAG TAG TC T TG TG GBlack Hole Quencher 2 (BHQ2)-3´ and 5´-BHQ2-ATGTCCGGGTATT-GAGTGGGTTGAT-Quasar 670-3´. In this orientation, the f luorophores are maximally separated when hybridized to the target in order to minimize f luorescence resonance energy transfer (FRET) or quenching. Estimates of the T m for each probe with strain-specific sequences were made using Visual OMP software. The nucleotides at some positions of the probes are not complementary to the most common target sequence but were chosen to avoid highly destabilizing mismatches. Custom probes were purchased from Biosearch Technologies.
Reverse transcription, amplification, and probe-target melt analysis Optimized RT-PCR of HCV AR was carried out as previously described (11) with slight modification. Diluted AR was mixed with limiting and excess primers at concentrations of 250 nM and 5 mM, respectively, in 0.4 mM MgCl 2 , 10 mM TR IS, pH 8.3, and heated to 75°C for 3 min to denature capsid proteins, then incubated at ambient temperature for 10 min. The mixture was diluted 5 fold with a PCR reagent mixture to obtain final concentrations of 0.4 mM of each dNTP, 50 nM limiting primer, 1 µM excess primer, 400 nM of each probe, 100 nM Primesafe II (10), 0.08 U/µl Platinum Tfi exo(-) DNA polymerase (Life Technologies, Grand Island, NY, USA), 4 U/µl SuperScript III (Life Technologies), 1× Tfi Reaction Buffer, and 3 mM MgCl 2 in a final volume of 25 µL. Thermal cycling and melting programs were done using a Stragene Mx3005P (Agilent Technologies, Santa Clara, CA). A 5 min RT incubation at 60°C was followed by a 2 min denaturation step at 95°C, then 50 cycles of 95°C for 10 s, 60°C for 12 s, and 68°C for 30 s. Two end point f luorescence detections were done during each 60°C step. Immediately following PCR , temperature was decreased from 75°C to 25°C in 0.5°C steps of 30 s, held for 2.5 min at 25°C, then increased from 25°C to 75°C in 0.5°C steps, holding each step for 30 s and taking 3 end point detections. Melting temperature values were obtained using the Mx3005P software. For ratio analysis, f luorescence data were exported to Excel and normalized using well factors based on detection values at 65°C (at which point there was no detectable hybridization between probes and target) in order to adjust for well-to-well variation of the thermal cycler.
Results and discussion
L AT E-PCR ma kes it possible to generate high concentrations of singlestranded DNA that can be analyzed at the end point using probes which hybridize over a wide temperature range. A variable sequence in 31 HCV strains was identified using GenBank, and a synthetic single-stranded oligonucleotide for each was tested to establish whether 2 mismatch-tolerant probes labeled with different fluorophores were sufficient to distinguish all variants. Each of the synthetic targets was tested in triplicate at 100 nM, 200 nM, and 400 nM (9 total samples for each strain sequence); concentrations of the singlestranded DNA target were comparable to those expected from RT-LATE-PCR amplifications. The nucleotide variations and mean T m of each target with each of the two probes is shown in Supplementary Table S1 . The targets in Supplementary Table S1 are organized into three groups based on the T m with the Cal Red probe. The melt derivative plots for the Cal Red and Quasar probes with strain sequences in the middle rows (strain identifications boxed; T m with the Cal Red probe from 56.0°C to 57.1°C) are shown in Figures 1A and 1B , respectively. Only samples with target concentrations of 200 nM are shown for clarity. Although peak heights varied with target concentration, no significant change in T m was observed for a given target sequence. To determine if the combination of T m with the 2 probes could unambiguously identify each of the targets, a range of 3 standard deviations above and below the mean T m for each target set of 9 samples was calculated, as that would represent over 99% of samples of a normal distribution. Each target sequence in this group generated T m ranges that overlapped with those from one or more other targets, indicating that distinguishing sequences based solely on T m with the probes would not be reliable. Overall, only 5 of the 31 tested strain sequences could be distinguished from all others based on the probes having a unique combination of T m ranges.
T m measurements provide only a limited description of the hybridization process between each probe/target pair. To determine if this analysis could reliably identif y each of the targets, the range of 3 standard deviations above and below the mean ratio value was calculated over the range from 40°C to 60°C in 5°C intervals for each strain sequence. In the group of strains shown in the figures, only the sequences of strains 3k.JK049 and 3k.JK055 were found to have overlapping ranges of ratios at all temperatures; the range of ratios was unique for each of the other sequences. Similar analyses were done for the other sequences listed in Supplementary  Table S1 . Those having T m with the Cal Red probe below 54°C were analyzed using a ratio of the Quasar signal at a given temperature divided by the Cal Red signal 10°C lower. Using different temperatures enabled analysis over the full melting range of each probe. Reproducible ratios were observed regardless of whether signals from the two probes were measured at the same or different temperatures.
Overall, 27 of the 31 target sequences exhibited a unique profile using multitemperature ratio analysis. Two pairs of strain sequences overlapped with one another, but had ratio profiles distinct from all other sequences. In both cases, the overlaps were observed between sequences that differed only by mismatches near the 3´ end of the Quasar-labeled probe.
T he resu lts demonstrate t hat mismatch-tolerant hybridization probes generate high resolution information for hypervariable sequences. Ratios of f luorescent signals of two hybridization probes provide far more information than single probes, because ratios take advantage of any difference in hybridization over a wide temperature range, as compared to the T m , which simply identifies the midpoint of denaturation. Unlike TaqMan probes, Molecular Beacons, or Line probes that only recognize a single sequence under stringent conditions, mismatchtolerant probes can distinguish multiple variations, even when those variations show minor melting temperature differences with individual probes. The wide temperature range makes probe hybridization and detection possible, even with targets that have a large number of nucleotide differences from a reference sequence, making this method particularly well suited for distinguishing viral strains and other variable sequences.
Reverse transcription and amplification of the R NA sequences were done using each of 5 HCV ARs over a serial dilution range from 10,000 to 10 estimated particles. Each dilution was tested in triplicate. HCV 1a AR ( Figure 2A ) and HCV 2b AR generated signals from the Cal Red-labeled probe that were detected in real time, even though the probe melting temperature was below the annealing temperature and the signal was from partial hybridization of the probe. The point at which the f luorescent signal reached the detection threshold was delayed by ~3.5 cycles for each 10-fold dilution of the AR particles, demonstrating good amplification efficiency using the LATE-PCR primers. Real time signals were relatively low from HCV 2a/c AR and were undetectable from HCV 1b AR and HCV 3a AR due to the relatively low T m of those sequences with the probe. Fluorescent signal was observed in real time or during melting analysis in all samples with an estimated 10,000 or 1,000 particles and in all samples with an estimated 100 particles except a single HCV 2a/c replicate, but only in 1 of 3 replicates with an estimated 10 particles for each AR type. Inability to detect RNA targets in some samples could be due to inaccurate estimates of target numbers, or to limits in the sensitivity of the RT-PCR protocol. Evaluating the true sensitivity of the assay will require testing clinical samples.
First derivatives of the f luorescent melt curves of the two hybridization probes targeting the amplified sequences are shown in Figures 2B and 2C . The peak values in these figures define the T m for each probe-target hybrid. Each strain had a unique combination of T m values with the two probes.
As with the synthetic targets, a more detailed evaluation was done using the ratio of the f luorescent signals from the two probes ( Figure 2D ). Each strain had its own unique pattern of ratios, but patterns among samples for a particular AR type were very similar, including those with different initial particle concentrations. The greatest variation was observed in a few samples that had generated very low f luorescent signals from the probes.
RT-LATE-PCR was also carried out using mixtures of two of the ARs in order to determine whether the presence of a small amount of a second sequence could be detected as a change in the f luorescence ratio pattern. The profiles generated by samples with 10,000 particles of HCV 1a AR, HCV 2b AR, or a mixture of the two are shown in Figure  3A . The profiles of the pure samples (A) Samples containing 10,000 HCV 1a AR particles (dark red), 10,000 HCV 2b AR particles (dark green), or mixtures of those particles: minor components of 5% HCV 2b (red), 10% HCV 2b (orange), 5% HCV 1a (bright green), or 10% HCV 1a (gold). Mixtures containing HCV 1a with 5% or 10% HCV 2b can be distinguished from 100% HCV 1a by the significant change in the fluorescence ratio at 52°C (P < 0.05). Mixtures containing HCV 2b with 10% HCV 1a can be distinguished from 100% HCV 2b by the significant change in the fluorescence ratio at 52°C (P < 0.05). (B) Closer examination of the ratios of samples containing 100% HCV2b with those containing 95% HCV 2b and 5% HCV 1a. Although the fluorescence ratio at 52°C is not significantly different for those groups, the change in fluorescent ratio between 54°C and 56°C is significantly different (P < 0.05).
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Vol. 55 | No. 3 | 2013 could be distinguished from those in samples containing either 5% or 10% of the minor component. The f luorescence ratio at 52°C of each mixed sample was compared with values from pure samples to determine if they were statistically different using the extreme studentized deviate (ESD) statistic for outliers. In the case of samples containing 5% or 10% HCV 1a, or 10% HCV 2b, each value was an outlier of the normal distribution generated by pure samples (P < 0.05). In contrast, only 2 of 4 samples with 5% HCV 1a had f luorescence ratios at 52°C that were outliers of pure HCV 2b sample values. However, close examination revealed that the slope of the profiles differed above 54°C ( Figure  3B ). Accordingly, the change in f luorescence ratio between 54°C and 56°C was compared and each mixed sample was found to have values that were outliers of the normal distribution from pure samples (P < 0.05).
The results presented here confirm that mismatch-tolerant probes can be used with RT-LATE-PCR to generate f luorescent signals even at temperatures well below those used during thermal cycling. Other recent studies show that it is possible to amplify gene segments that are several hundred nucleotides long and to hybridize those products with multiple probes having the same f luorescent signal (12, 13) . In contrast, conventional real time PCR cannot take advantage of low temperature detection or mismatched probes because the amplification products become double stranded and prevent probes f rom hybrid i zi ng , wh ich becomes more problematic for longer products (14) . The RT-LATE-PCR protocol used here also takes advantage of previously published improvements of pre-incubating primers and targets, short RT incubation at high temperatures, and the use of Tfi polymerase for improved one-step results (11, 15) .
This study represents a key step toward developing improved molecular detection for HCV and many other targets with variable sequences. A variable region of the 5´ NCR was chosen for analysis in order to demonstrate the ability of this method to distinguish nearly all sequence variations targeted by the probes. Two instances of nucleotide variations hybridizing near the end of one probe could not be distinguished, and modifications would be required if identification of those nucleotides were desired. However, many of the nucleotide variations in this region are not specific to HCV genotypes or subtypes, so cataloging all sequence variations for clinical identification may not be necessary. Instead, a clinical HCV assay could include primers and probes for nucleotide variations of the 5´NCR and NS5b that provide genotype and subtype information (16) . Alternatively (or additionally), primers and probes could be included that identify specific genetic sequences for the viral enzymes targeted by new drugs, once the effects of those variations are better understood. In the future, it is likely that this could be accomplished in a single, closed-tube assay in less than two hours.
